The potential for terahertz (THz) spectroscopy to detect explosives and other materials of interest is complicated by rough surface scattering. Our previous work has demonstrated that by averaging over diffuse observation angles and surfaces, spectral features could be recovered from laboratory measurements and numerical computer simulations. In addition to averaging, a low-pass cepstrum filter was used to reduce noise due to the random rough surface. This paper expands on these concepts by using the cepstrum of both the random rough surface and the material properties of the target material to choose an optimal cutoff frequency for the filter. The utility of these techniques is evaluated using laboratory measurements and Monte Carlo simulations for many sets of random surface realizations. The Kirchhoff Approximation is used to quickly model diffuse scattering from dielectric materials with gradually undulating rough surfaces when the incident and diffuse scattering angles are near the surface normal. The ability to recover the spectral features of rough dielectric materials from diffuse THz scattering may prove useful for the design of future security screening systems.
The potential for terahertz (THz) spectroscopy to detect explosives and other materials of interest is complicated by rough surface scattering. Our previous work has demonstrated that by averaging over diffuse observation angles and surfaces, spectral features could be recovered from laboratory measurements and numerical computer simulations. In addition to averaging, a low-pass cepstrum filter was used to reduce noise due to the random rough surface. This paper expands on these concepts by using the cepstrum of both the random rough surface and the material properties of the target material to choose an optimal cutoff frequency for the filter. The utility of these techniques is evaluated using laboratory measurements and Monte Carlo simulations for many sets of random surface realizations. The Kirchhoff Approximation is used to quickly model diffuse scattering from dielectric materials with gradually undulating rough surfaces when the incident and diffuse scattering angles are near the surface normal. The ability to recover the spectral features of rough dielectric materials from diffuse THz scattering may prove useful for the design of future security screening systems. During the 20th century many technological advances were made using electromagnetic waves in both the microwave and optical regions of the spectrum. However, the band of frequencies between these two regions, often referred to as the terahertz (THz) gap, 1 remained difficult to access due to the technical challenges of generating and detecting waves at the far edges of the microwave and optical portions of the spectrum. Recent advances in laser technology have overcome many of these hurdles and pulsed THz systems have now achieved bandwidths spanning five octaves (0.1-3.0 THz). These advancements have opened up a new avenue to explore the material properties in the farinfrared portion of the electromagnetic spectrum.
Materials composed of polar molecules are of particular interest since they possess characteristic resonant frequencies which alter the frequency-dependent refractive index of the material in a dramatic but predictable manner; tracing out unique spectroscopic signatures in the material's absorption spectra, which can be used for material identification. 2 In contrast, nonpolar molecules have no such resonances in the THz band and are mostly transparent within the THz spectrum. Terahertz waves are also nonionizing and are considered safe for human exposure at low power levels. 1, 3 These properties suggest a number of promising applications for THz technology. Of particular interest is the development of security screening systems to detect concealed explosives and illicit drugs. Terahertz waves have the unique ability to travel through (nonpolar) clothing and packaging materials, interact with (polar) materials of interest, and then return to a detector with a characteristic spectral signature. This signature could be used to identify the contents of packages as they make their way through postal systems and airports.
While laboratory experiments have revealed the potential benefits of THz technology, two important challenges must be considered before practical detection systems can be employed in realistic screening systems. First, most materials of interest are opaque at THz frequencies, and it is therefore expected that detection systems must operate in a reflection configuration. 4 Second, many explosives contain granular inhomogeneities on the order of hundreds of microns in diameter. [5] [6] [7] Such particles are comparable to THz wavelengths and could therefore cause frequency-dependent volume scattering, as well as scattering from the material's rough surface -modulating the spectral signature and complicating material identification.
For a given transmitter and receiver configuration, the strength of a wave reflected from a rough surface will depend on the material properties (the refractive index for nonmagnetic materials) and "noise" introduced by the random rough surface. A hypothetical THz screening system is illustrated in Fig. 1 , where a single THz transmitter (Tx) illuminates a sample, and a number of THz receivers (Rx) above the rough surface collect the diffuse scattered power from a number of independent viewpoints. If the sample material is allowed to move laterally beneath the scanner (such as on a conveyor belt for luggage or mailed packages), then many independent sample areas on the random rough surface could be illuminated. If materials of interest are homogeneous and anisotropic, then the signature in the material parameters can be recovered by averaging many measurements from uncorrelated spots on the surface and/ or different, uncorrelated diffuse angles. Before averaging the received signals, a phase shift would typically be applied to each of the individual receivers to account for differences in their respective propagation paths. To simplify the discussion, the illustration in Fig. 1 shows the receiver elements configured in an arc so that the path between the illuminated surface and each receiver is the same. Such averaging techniques have been applied experimentally for lactose impressed with a rough surface 8, 9 and in Finite Difference Time Domain (FDTD) scattering simulations. 10 The latter work also introduced the concept of applying a low-pass filter to the Fourier Transform of the scattered power as a smoothing technique to reduce the scattering noise and improve the visibility of THz spectral features. The performance a Gaussian filter was evaluated using various standard deviations set to a fraction of the total bandwidth.
The work presented here expands on these concepts by considering a method to choose a standard deviation for the Gaussian low-pass filter. The Fourier Transform of a frequency spectrum is often called a "cepstrum", where the first four letters of the word, "spectrum" have been reversed. Similarly, the domain of the cepstrum is sometimes referred to as the "quefrency" domain by rearranging the first six letters of the word "frequency".
11 This terminology will be used throughout the remainder of this paper. Thus, we seek a method to locate an optimal cutoff quefrency for a Gaussian low-pass cepstrum filter. It will be shown that information about the extinction coefficient and surface roughness of a target material may be used to reduce noise introduced by rough surface scattering and improve detection of the material of interest.
In this paper the effects of averaging and cepstrum filtering are evaluated in Monte Carlo simulations for many sets of random rough surface realizations. The following section briefly reviews the laboratory techniques used to obtain spectroscopic information from dielectric materials with random rough surfaces. The Kirchhoff Approximation is used to model diffuse scattering at angles near the surface normal for random rough dielectric and conductive surfaces. Section III describes the procedures used to create rough surface samples and measure the THz scattering at diffuse angles. Averaging and cepstrum filtering concepts are discussed in Sec. IV. In Sec. V, detection methods are evaluated for laboratory measurements and computer simulations.
II. ROUGH SURFACE SPECTROSCOPY MODEL
Explosives are one of the primary materials of interest for THz spectroscopy. These materials may be composed of granular materials with particles on the order of hundreds of microns. 5 Thus, the surfaces of these materials may have roughness on the same order as THz wavelengths, resulting in rough surface scattering. [12] [13] [14] In this section, rough surface scattering concepts and terminology are discussed and a method for recovering spectral signatures using THz scattering from materials with rough surfaces is considered.
A. THz reflection spectroscopy
Terahertz Time Domain Spectroscopy (TDS) systems use emitters which produce a brief current pulse which is then radiated by broadband antenna and focused onto a sample for either a transmission or reflection measurement. A similar lens and antenna collect the transmitted or reflected waves in a coherent detection scheme. The Fourier transform of the narrow time pulse covers a wide bandwidth extending up to THz frequencies.
In THz-TDS systems, it is not possible to accurately account for the transfer functions of all of the individual emitter and detector components. Normalizing the sample measurement by a reference measurement in the frequency domain removes these unknowns and isolates the material parameters in a process called deconvolution. In a transmission configuration, the reference measurement is simply done without the sample in place. 15 Laboratory transmission measurements of thin samples have been used to catalog spectroscopic signatures of many materials. 2, [16] [17] [18] In reflection spectroscopy, the reference measurement is performed by replacing the sample with a higly reflective mirror. 15 However, it is not practical to expect that the mirror will always be placed at the exact same location as the sample (to within a fraction of a THz wavelength), and a phase difference between the sample and mirror measurements will introduce some error into the extracted material properties. 15 While it is possible to correct for the phase alignment in carefully controlled laboratory measurements, it is unlikely that accurate phase information can be obtained in a practical THz security screening system. However, for many materials of interest, the reflected intensity can provide a spectroscopic signature which is quite similar to that of the absorption without need of the reflected phase. For solid, polar dielectric materials that are made up of molecules with vibrational or rotational oscillations, the Lorentz model may be used to describe the resonance in the refractive index. Many explosive related compounds (ERC's) fit this description and also have strong dispersion relative to absorption. 19, 20 For such materials the negative derivative of the magnitude of the reflection coefficient reveals spectral peaks at frequencies near the peaks in the extinction coefficient. 19, 20 Although the relative height of the peaks may be altered, the frequencies of the peaks in the derivatives are near the peak frequencies in the extinction coefficient. 19, 20 Since the reflectivity of such materials is simply the squared magnitude of the reflection coefficient, it is possible to qualitatively compare the derivative of the
FIG. 1. (Color online)
A hypothetical THz TDS system configured to measure diffuse scattering from a material with a random rough surface. The sample moves laterally beneath the detector array which takes snapshots of independent illuminated surfaces of length, 2L. Averaging over the uncorrelated receiver angles and surface snapshots reduces the noise introduced by the random rough surface and enhances the correlated material properties.
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reflectivity with the absorption signatures obtained from a database of transmission measurements and identify a target material. This method has been useful on flat surfaces at normal incidence. [19] [20] [21] It has also been applied experimentally to lactose impressed with a rough surface 8, 9 and to scattering simulations with C4 explosive. 10 It is important to note that when using the derivative of the reflected intensity (as described above), a deconvolution of the sample measurement with a reference mirror is still necessary to cancel the transfer functions of the THz transmitter and receiver components. After the deconvolution, the derivative of the intensity may be used to identify materials without accounting for the phase difference between the sample and reference paths. The next section will briefly introduce rough surface scattering concepts and a method for simulating rough surface scattering from dielectric surfaces.
B. Surface scattering model
The previous discussion explained how the derivative of the reflectivity could reveal spectral features for some ERC's with flat surfaces. This section briefly discusses random rough surface scattering concepts, and introduces a method for modeling diffuse scattering from a dielectric material in the configuration illustrated in Fig. 1 . This discussion assumes that the surface is level and that the material is thick enough so that it attenuates any internal reflections and effectively acts as an infinite half-space. In addition, the sample material is assumed to be uncovered and in an atmosphere with no absorption.
The impact of the surface roughness on the scattering depends on the surface height relative to a wavelength. Thus, as wavelength decreases (with increasing frequency), a surface will appear more rough to the incident wave and result in more diffuse scattering. The Fraunhofer Criterion is often used to determine the rms surface height that will cause significant scattering. 22, 23 Thus, a surface will cause rough surface scattering if its rms height, h, satisfies the inequality,
where h i is the angle of incidence relative to the surface normal and k is the wavelength. Huygens' Principle may be used to sum the scattered fields from all the points along a rough surface to give the total scattered field, E s , at a point far above the rough surface. The Kirchhoff Approximation (KA) or Tangent Plane Approximation then treats the facets of the rough surface as tangent planes and applies the Fresnel reflection coefficient to calculate the local scattered fields. In doing so, this model neglects shadowing by the peaks of the surface as well as multiple scattering within the valleys. Therefore, the KA model is often applied to surfaces that are gradually undulating relative to the incident wavelength, and in scenarios where the incident and scattered angles are near the surface normal. A complete derivation of the Kirchhoff Approximation for a one-dimensional dielectric surfaces can be found in the literature. 22, [24] [25] [26] Under the previous assumptions, the total scattered field from a one-dimensional rough surface of height, fðxÞ extending from ÀL to L is given by,
where E s is the scattered field from a rough surface, normalized by the reflected field from a perfectly smooth conducting surface, 22 and ðþ; ÀÞ represent vertical and horizontal polarization, respectively. Throughout this paper the tilde is used to indicate a complex quantity. In Eq. 2, f 0 x is the derivative of the surface profile with respect to position x. The phase shift due to surface roughness, fðxÞ, and the transmitter and receiver configuration, h i and h s , is dictated by the exponential terms, where v x ¼ kðsin h i À sin h s Þ and v z ¼ Àkðcos h i þ cos h s Þ. In this paper we assume the material above the surface is dry air (no absorption) so that the wavenumber, k ¼ 2p=k is a real quantity. The material properties of the surface are accounted for within the coefficients a ¼ ð1 ÀCÞ sin h i þ ð1 þCÞ sin h s and b ¼ ð1 þCÞ cos h s Àð1 ÀCÞ cos h i .
The Fresnel reflection coefficient,C, for a horizontally polarized wave reflecting from a sample material is
The indices of refraction for the sample material and atmosphere are given byñ s andñ a , respectively, and h t is the transmitted angle relative to the surface normal. The reflection coefficient for vertical polarization,C þ , is similar. 15 Horizontal polarization will be assumed throughout the remainder of this paper.
Although the integral in Eq. (2) is generally intractable, it can be solved numerically for a computer-generated rough surface. Realizations of Gaussian random rough surfaces can be generated 27 with a given rms height and correlation length, l c .
The scattered field depends on the total length of the illuminated surface, 2L, which typically spans many wavelengths. Simulations in this paper will use 2L ¼ 100k max , where k max is the maximum wavelength, corresponding to the lowest frequency in the THz simulation data.
It should be noted that since this is a scattering model for a one-dimensional surface in a two-dimensional geometry, the scattered power will be different from what would be measured from two-dimensional surface in a three-dimensional space. However, the behavior of the derivative of the scattered power will be similar. 10 
C. Modeling random rough surfaces
In order to explore rough surface scattering at THz wavelengths, surfaces which have random roughness on the order of hundreds of microns are required. Sandpaper was chosen as a representative surface for experimenting with rough surface scattering in the THz spectrum, due to its commercially availability in a variety grain sizes. Thus, sandpaper provides a convenient control surface for scientific study of random rough surface scattering at THz wavelengths. The relative roughness of sandpaper is indicated by the grit size, which is inversely proportional to the grain size.
Two sandpaper samples manufactured by Norton will be considered; a rough (40 grit) sandpaper and a much smoother (120 grit) sandpaper. The surface height for each sample was measured by Nanovea, Inc. 28 The surface height for the 40 and 120 grit samples are shown in Figs. 2 and 3 , respectively. The surface height data was used to compute the rms height and correlation length, and results are listed in Table I . The Fraunhofer Criterion in Eq. (1) indicates that for an incident angle of 25 degrees, 40 and 120 grit sandpapers will cause rough surface scattering above 80 GHz and 260 GHz, respectively. Therefore, these surfaces will have suitable roughness to demonstrate scattering of THz waves.
III. SURFACE SCATTERING MEASUREMENTS
This section describes how an explosive simulant was prepared and impressed with a rough surface, and how diffuse scattered fields were measured with a THz-TDS system. Section V will compare measurement data with the simulated scattered field data described earlier.
A. Sample preparation
The Fraunhofer Criterion and sandpaper roughness statistics indicate that sandpaper can be a useful control surface for studying the effects of rough surface scattering at THz wavelengths. However, the material properties of the various types of sand and glue used to make each of the sandpapers have yet to be characterized at THz frequencies and are not of interest here. Therefore, sandpaper was used to impress known roughness into a material with known spectral features.
Lactose is known to have strong spectral features at THz frequencies and is easier to obtain and safer to work with in laboratory experiments than explosives. 8, 29, 30 Pellets were made by mixing a-monohydrate lactose powder with polyethylene (PE) powder with a 70%/30% weight/weight ratio. The mixture was then pressed into pellets using a Specac hydraulic press with a 40 mm die. A round piece of 40 grit sandpaper was placed inside the die to impose a rough surface on the pellet. The mixture was then pressed with 1 ton for 1 minute, relaxed for 1 minute and then pressed again with 1 ton for 1 minute. Two such pellets with 40 grit roughness were made. A photo of one of the lactose pellets with 40 grit roughness is shown in Fig. 4 . The material properties of the lactose/PE mixture were extracted from transmission measurements of thin smooth samples and the extinction coefficient, j, is shown in Fig. 5 .
B. THz measurement system
Terahertz scattering measurements were performed using the T-Ray 4000 THz-TDS system in the Northwest Electromagnetics and Acoustics Research Laboratory (NEAR-Lab) at Portland State University (PSU). The T-Ray 4000 is a commercially developed system manufactured by Picometrix Inc. A fempto-second laser, beam splitter and mirrors are all fully enclosed inside the main module, and fiberoptic and power cables connect the T-Ray 4000 to transmit (Tx) and receive (Rx) heads which are mounted securely on an optical lab table. The laser pulses are guided by the fiberoptic cables and directed to both the Tx and Rx head. Inside the Tx head, the laser pulse interacts with a photoconductive antenna (PCA) to generate a THz pulse. The THz pulse is transmitted to the sample and is detected coherently using another PCA inside the Rx head. Figure 6 shows the system configured in a bistatic reflection geometry to measure THz scattering from a rough surface.
The location of the Tx head and sample holder remained fixed in place while the Rx head was rotated by a computer-controlled arm to scan over diffuse scattering Table I . angles. Although not shown in Fig. 6 , all of the components were enclosed inside a chamber which was purged with dry nitrogen to remove the effects of water vapor absorption in the air. At each of the scattered angles, the receiver arm paused to average 1000 THz pulse measurements, reducing the noise floor in the measured THz waveform. The sample stage holding the rough lactose sample was then rotated by computer-controlled motor, to provide a new surface realization and the measurement was repeated. Each measurement was normalized (deconvolved) by a specular reflection measurement from a reference mirror as discussed in Sec. II.
IV. SIGNAL PROCESSING
The previous two sections described how scattering from dielectric materials with random rough surfaces could be simulated using the KA model and measured using a THz-TDS system. For a fixed incident angle, h i , each method provides the scattered field as a function of frequency, f , and scattered angle, h s , for each illuminated surface, s. Thus, a set of Monte Carlo simulations or measurements provides the scattered field,Ẽ s ðf ; h s ; sÞ. To test the consistency of the results, each process can be repeated many times to form "sets" of surface measurements or Monte Carlo simulations. This section describes how the scattered field data can be processed to extract material features from each data set.
As discussed in Sec. II, for many ERC's the derivative of the reflected power with respect to frequency can reveal spectral features which are useful for material identification. These features appear as peaks in the negative derivative, D, of the scattered power as given by 
The scattered field,Ẽ s ðf ; h s ; sÞ, is dimensionless because it has been normalized for both the measured and simulated data. Therefore, the scattered power is also dimensionless and the derivative, D, has units of time.
The scattered power will contain a slope with respect to frequency due to increasing surface roughness relative to wavelength. This frequency-dependent slope can be removed by detrending the derivative with a third-order polynomial fit.
Averaging over the diffuse scattering angles and surface samples can then reduce the impact of noise introduced by the surface roughness,
Dðf ; h s; n ; s m Þ; (6) where N a is the number of scattered (observation) angles and N s is the number of surfaces in a set of measurements or The Tx and Rx heads are shown configured in a bistatic reflection geometry to measure scattering from a rough lactose pellet (Fig. 4) mounted on a sample holder which could be moved to illuminate different areas on the rough surface. The measurement system was enclosed in a chamber (not shown) purged with dry nitrogen.
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Schecklman et al. J. Appl. Phys. 109, 094902 (2011) simulations. Thus, the incoherent noise introduced by the random rough surface can be reduced, while the coherent effect of the material properties becomes more evident. In addition to averaging, a cepstrum filter may be used to further separate the spectral peaks of the material from the random rough surface noise. 10 Here, the cepstrum,C, will be defined as the Fourier Transform of the average derivative, D avg , from Eq. (6),C
where q is the quefrency with units of time. Filtering is accomplished by multiplying the cepstrum,C, by a (dimensionless) Gaussian filter. The real part of the inverse Fourier transform then gives the filtered derivative,
where G is the zero-mean Gaussian filter,
and r is the standard deviation. SinceC in Eq. (7) spans positive and negative quefrencies, the standard deviation can be used to define the cutoff quefrency for the low-pass Gaussian filter. Before the Fourier Transform in Eq. (7), the average derivative, D avg , was multiplied by a Hamming window. Likewise, the result of the inverse Fourier Transform in Eq. (8) was divided by the Hamming window. It is possible that a security screening system need only detect a specific material (or group of materials) that poses a threat. If the characteristic spectral peaks in the extinction coefficient of the target material(s) are wide (low quefrency) relative to the peaks in the surface scattering noise, then a cutoff quefrency may be chosen to remove much of the noise due to scattering and enhance the spectral features. Thus, comparing the cepstrum of the extinction coefficient directly with the cepstrum of the derivative of the scattered power from random rough surfaces (with no spectral features) provides a means of selecting a useful cutoff quefrency. In the following section, the cepstra of several realizations of conductive surfaces are used to assess the distribution of scattering noise from surfaces in the quefrency domain.
V. RESULTS AND DISCUSSION
In this section, measured and simulated data are presented to demonstrate the ability to recover spectral features using diffuse scattered power. The KA model is used to simulate scattering from lactose with large-scale (40 grit) surface roughness for a number of surface realizations, and the simulations are validated with a similar set of laboratory measurements from rough lactose surfaces. Simulations are also presented for C4 explosive material with small-scale (120 grit) roughness. For each case, the ability of cepstrum filtering to enhance the spectral features is demonstrated. All of the simulations and measurements in this section were configured as shown in Fig. 1 .
A. Feature extraction from lactose
This section will demonstrate how averaging and cepstrum filtering can enhance the spectral feature near 0.54 THz in lactose (Fig. 5) impressed with 40 grit roughness as shown in Fig. 4 . The incident angle is h i ¼ 25 o , and the scattered angles range from h s ¼ À12
to þ12 in increments of Dh s ¼ 2 as depicted in Fig. 1 . The total length of each lactose surface is 2L ¼ 20.4 cm. In each case, the derivative of the scattered power is averaged for all 13 diffuse observation angles.
The KA model was used to simulate scattering from a lactose surface with the roughness parameters of 40 grit sandpaper shown in Table I . A total of 900 surface realizations were simulated, and the negative derivative of the scattered power with respect to frequency was calculated for 30 sets of 30 surfaces. The results without cepstrum filtering are shown in Fig. 7 . The small peak at 0.54 THz which consistently appears in each data set (yellow vertical line) is due to averaging over multiple surfaces and diffuse angles. However, within each data set, the small feature at 0.54 THz is obscured by higher peaks which are due to random surface scattering. Since these peaks are generally narrower than the lactose feature, their amplitude may be reduced with a cepstrum filter.
As discussed earlier, a low-pass cepstrum filter can be designed to reduce the noise by evaluating the normalized magnitude of the cepstrum for the lactose extinction coefficient as shown in Fig. 8 (red dashed line) . The KA model was used to simulate 900 conductive surfaces with 40 grit roughness, so that the spectral features due to surface roughness could be isolated from any spectroscopic material features. The magnitude of the cepstrum for 30 sets of 30 conductive surfaces with 40 grit roughness is shown in Fig. 9 . The smoothed average of all 30 sets of conductive surfaces is plotted in Fig. 8 (blue solid line) for comparison with the cepstrum of the lactose extinction coefficient. Note that most of the quefrency content of the lactose extinction FIG. 7. (Color online) Simulations of the derivative of scattered power from lactose with 40 grit roughness, averaged over 30 surfaces and 13 observation angles with no cepstrum filter. The spectral feature at 0.54 THz is visible in most of the sets (yellow vertical line) but it is obscured by noise due to scattering from the random rough surface. Figure 10 shows the improvement gained by filtering.
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coefficient is below 15 ps while a majority of the quefrency content of the surface roughness is at higher quefrencies. Applying a Gaussian filter with a standard deviation of 15 ps yields the derivative of the scattered power shown in Fig. 10 The values of the derivative, D f , are quantitatively lower than those in Fig. 7 due to filter attenuation because the Gaussian filter has significant roll-off within the pass band. While other filters may provide more ideal low-pass filtering, these results demonstrate the qualitative improvement that can be gained with a cepstrum filter.
Based on the simulated results presented in Fig. 10 it is expected that a given set of 30 (filtered) rough surface measurements may enhance the spectral peak near 0.54 THz. This was tested by measuring the scattering from 1 set of 30 independent surfaces made of lactose with 40 grit roughness using the THz measurement system described in Sec. III. Figure 11 shows the normalized derivative of the average scattered power with and without a Gaussian cepstrum filter using a standard deviation of 15 ps. As expected the Gaussian filter improves the visibility of the spectral feature at 0.54 THz by attenuating the narrower adjacent peaks which are due to random scattering from the 40 grit random rough surface.
B. Simulated feature extraction from C4 explosive
Composition-4 (C4) explosive is of particular interest for security applications due to its accessibility and ease of use by terrorist organizations. In this section we demonstrate the recovery of spectral features of C4 explosive with smallscale roughness. The effect of averaging over diffuse angles and independent illuminated surfaces is also explored.
The extinction coefficient of C4 was calculated from the Lorentz parameters in the literature 4 and is plotted in Fig. 12 . There are six absorption peaks located near 0.8, 1.1, 1.3, 1.5, 2.0, and 2.2 THz. The derivative of the reflection coefficient magnitude with respect to frequency can reveal peaks at the same frequencies as the peaks in the extinction coefficient. 
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The KA model was used to simulate scattering from C4 with the surface roughness statistics of 120 grit sandpaper shown in Table I . The length of each surface was 2L ¼ 10 cm and the incident and scattered angles were the same as those in the previous example. A total of 1500 surfaces were simulated so that a wider variety of averaging options could be explored. Figure 13 shows the results for 30 sets of 15 surfaces measured at only one scattering angle (normal), without a cepstrum filter. No spectral features are visible.
As in the previous example, the cepstra of the extinction coefficient (shown in Fig. 14) and the smoothed average from 15 sets of conductive surfaces with identical roughness (shown in Fig. 15 ) were used to choose an appropriate cutoff quefrency. Notice that the cepstrum of the C4 extinction coefficient drops nearly to zero above 5 ps, while the cepstrum of the surface scattering continues to rise at higher quefrencies. Figure 16 shows the result of applying a cepstrum filter with standard deviation of 5 ps to each set of simulations. In most of the data sets the strong spectral feature near 0.8 THz can be observed. As in the previous lactose example, the values of the derivative, D f , are quantitatively lower than those in Fig. 13 due to filter attenuation. Figure 17 shows the improvement gained by averaging overall of the scattering angles between À12 and 12 . The feature at 0.8 THz becomes more pronounced (red vertical line) and some minor features (near 1.3 and 2.0 THz) become more apparent (green vertical lines). Figure 18 shows that further improvements can be gained by including more surfaces in each data set. When averaging is done with 50 surfaces the smaller features near 1.1, 1.5, and 2.2 are consistently more clear in each data set (green vertical lines).
C. Discussion
The measurements and simulation data presented in this section demonstrated that THz spectral features may be consistently recovered using diffuse reflections from rough surface scattering. Application of a low-pass cepstrum filter improves detection of spectral peaks that are wide relative to noise peaks due to rough surface scattering. Increasing the number of diffuse angles and independent illuminated surfaces also improves the ability to identify material features. 
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In these examples a Gaussian function was used to filter the cepstrum, and the standard deviation served as the cutoff quefrency. The slow roll-off of the Gaussian caused attenuation of the derivative values at all quefrencies -including those within the pass band. These results demonstrate that even a relatively poor (non-ideal) filter can provide significant benefits. Future efforts could explore other filters.
It should be noted that the number of measurements needed in real three-dimensional (3D) measurement systems should be less than what is indicated by 2D simulations (such as were used here) by a factor proportional to the rough surface correlation length, l c . 31, 32 For example, a square illuminated patch of surface with dimensions 10l c Â 10l c would require 10Â fewer surfaces than would be required by a 2D simulation of scattering from a 1D strip of length 10l c . The area of a surface illuminated by a THz-TDS transmit antenna will not be rectangular and will change with the frequency, but the scaling difference between 3D measurements and 2D simulations indicates that the number of surface samples required for material detection will be less than what is indicated by the simulations.
VI. CONCLUSION
In the past decade THz spectroscopy has emerged as a promising new technology with applications including detection of explosives and illicit drugs. However, the opacity of most materials of interest at these frequencies is likely to limit practical systems to reflection geometry. In addition, the roughness of most materials relative to THz wavelengths motivates us to consider ways to make use of diffuse scattering. Our earlier work 10 demonstrated that spectral features could be extracted from diffuse scattering averaged over a number of observation angles and illuminated areas, and that a cepstrum filter could be used to reduce noise due to rough surface scattering. This paper expanded on these concepts by using the cepstra of the extinction coefficient of the target material and the rough surface scattering to choose an optimal cutoff quefrency for a cepstrum filter. The Kirchhoff Approximation was used to quickly simulate scattering from many sets of random rough surface realizations at a number of scattering angles and frequencies from rough dielectric materials. The effects of averaging and cepstrum filtering were demonstrated for two materials with different roughnesses. Terahertz scattering measurements from a dielectric impressed with a rough surface also showed the value of the cepstrum filter. The signal processing methods presented here may be useful for the design of future THz security screening systems. and 12 in 2 increments) with a low-pass cepstrum filter below 5 ps. Comparison with Fig. 16 shows that including more surfaces in each data set makes all of the features more clear and consistent.
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